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ABSTRACT
Hurley, Angela Lorraine. M.S., Department of Geological Sciences, Wright State
University, 2003. Identification of Gypsy Moth Defoliation in Ohio Using Landsat Data.
The gypsy moth is one of the most devastating forest pests in North America. In
late spring, gypsy moth larvae hatch from eggs laid the previous summer. During the
next forty days, tens of thousands of these caterpillars eat up to one square foot of foliage
each. The gypsy moth has established populations in several states, and dangerously
fast-growing populations in several others. The state of Ohio is a critical area in the
suppression of the gypsy moth because the front of gypsy moth advance passes through
the state. Besides diminishing the aesthetic value of Ohio’s forests, gypsy moths also
cause substantial economic damage to the Ohio timber industry, which is estimated to be
a $7 billion per year industry.
The Ohio Department of Agriculture currently uses aerial sketchmapping each year
to assess the damage done by the gypsy moth. This procedure is difficult, timeconsuming, and somewhat imprecise. The results obtained from Landsat 5 and Landsat 7
data can be compared to locations determined by aerial sketchmapping to locate gypsy
moth infestations in Ohio.
Since vegetation reflects infrared light and absorbs visible light, the health of
vegetation can be assessed using a haze-adjusted ratio of Landsat spectral band 4 (nearinfrared) to Landsat spectral band 3 (visible red). To determine the change that has
occurred between two dates, the ratio values from two dates are subtracted. To identify
change that has been caused by the gypsy moth, an area should exhibit defoliation
between early June and late June and subsequent refoliation between late June and late
July. This type of change results in large positive ratio subtraction values between early
June and late June and large negative ratio subtraction values between late June and late

July. Pixels that exhibit these attributes are candidates for locations of gypsy moth
damage. These ratio subtraction values are further analyzed using change vector analysis
to more effectively isolate areas where change has been caused by the gypsy moth.
The use of three frames to analyze both defoliation and subsequent refoliation
results in a stronger, less ambiguous signal of gypsy moth damage and pinpoints the
locations of the most severe defoliation. The most severe defoliation often marks the
location of egg masses. Although the use of three frames reduces the ambiguity caused
by agricultural anomalies, this procedure also detects areas with significant wild
grapevine infestations.


1.0 INTRODUCTION
1.1 THE GYPSY MOTH
The gypsy moth (Lymantria dispar) was accidentally introduced to North America
from Europe by a well-meaning scientist, Etienne Leopold Trouvelot, near Boston,
Massachusetts in 1869. He wanted to study silkworms, but ended up releasing one of the
most devastating forest pests ever seen in North America. In 1889, Massachusetts initiated
the first gypsy moth eradication program. It was so successful at controlling the gypsy
moth population in the state that lawmakers terminated the program in 1900. This was
realized to be a mistake when, by 1910, the gypsy moth population quickly recovered in
Massachusetts and spread to the neighboring states of Maine, New Hampshire, and
Rhode Island (United States Department of Agriculture, 1990).
By 1930, the gypsy moth had established populations in two more states, Vermont
and Connecticut. New York had been invaded by 1950, and New Jersey and
Pennsylvania were infested by 1970. The gypsy moth population then began to spread
more quickly, reaching Delaware, Maryland, Michigan, Ohio, West Virginia, and Virginia
by 1990 (An Atlas of Historical Gypsy Moth Defoliation and Quarantined Areas in the
U.S., 1998).
Today, the gypsy moth has established populations in seventeen northeastern
states from Maine in the north to North Carolina in the south and Wisconsin in the west.
Populations are growing dangerously fast in several other areas. The gypsy moth
devastates vegetation in the northeastern United States by feeding on the leaves of several
types of trees. They prefer to eat the leaves of oak and maple trees, but they will eat
practically any type of green leaf.
The female moths cannot fly, but often lay their egg masses on campers or boat
trailers, allowing their offspring to hatch thousands of miles away from the places where




they were conceived. This explains the established populations in outlying areas such as
California and Oregon. As shown in Figure 1.1, the front of gypsy moth advance passes
through the state of Ohio, making Ohio a critical area in the suppression of the gypsy
moth.

Figure 1.1. This map shows the range of the gypsy moth in the United States. (Courtesy
United States Department of Agriculture)
1.1.1 Life Cycle
A diagram of the gypsy moth life cycle can be seen in Figure 1.2. In early to midMay, gypsy moth larvae hatch from eggs laid the previous summer and are carried
throughout the forest by wind. During the next forty days, the male larvae pass through
five instars, or growth stages, and the females pass through six. The caterpillars do the
most damage to vegetation during the final instar. By the end of this final growth stage,
each larva will already have eaten one square foot of foliage.





Figure 1.2. Gypsy moth life cycle. (Courtesy United States Department of Agriculture)
In mid-to late June, the caterpillars go through a ten- to fourteen-day pupation
stage. After they emerge from the pupae as moths, the males spend the next six to ten
days detecting the flightless females’ pheromones and flying to potential mates. After
mating, the females lay eggs in masses, which contain 500-1500 eggs. The moths die
after mating, but the egg masses remain attached to the sides of trees until the following
May, when the cycle begins again.
Figure 1.3 shows a female moth laying an egg mass. The female moths have a
very high reproductive capacity. Each egg mass contains 500-1500 eggs, and tens of
thousands of these egg masses can be found throughout Ohio’s forests.





Figure 1.3. A female gypsy moth laying an egg mass. (Courtesy Ohio Department of
Agriculture)
Figure 1.4 shows two second instar caterpillars, and Figure 1.5 shows caterpillars
climbing up a tree to feed. The caterpillars can feed on several hundred species of trees,
so susceptible types of trees are usually adjacent to the caterpillars’ current range. This
allows the range of the gypsy moth to be extended easily.





Figure 1.4. Two second instar gypsy moth caterpillars. (Courtesy Ohio Department of
Agriculture)

Figure 1.5. Gypsy moth caterpillars climbing up a tree to feed. (Courtesy Ohio
Department of Agriculture)
Figure 1.6 shows an Ohio forest in late June. Most of the trees are missing their
leaves due to gypsy moth attack. Each time a tree is attacked by gypsy moth caterpillars,
it will grow 10 to 20 percent less foliage the following year. After two or three
consecutive years of defoliation, the tree will usually weaken and die as a result of
fungus or other secondary organisms. Besides diminishing the aesthetic value of Ohio’s
forests, gypsy moths also cause substantial economic damage to the Ohio timber industry,
which is estimated to be a $7 billion per year industry.





Figure 1.6. An Ohio forest in late June. Many trees are completely stripped of leaves as
a result of gypsy moth damage. (Courtesy Ohio Department of Agriculture)

1.1.2 Control Programs
Figure 1.7 shows the counties in Ohio that have been quarantined by the Ohio
Department of Agriculture in order to control the spread of the gypsy moth. People who
live in these counties, for example, should not transport things like firewood that may be
covered with gypsy moth egg masses into non-quarantined counties. Obviously,
regulations like this are hard to enforce. The Department of Agriculture, however, does
manage to enforce these regulations on nursery owners, to prevent them from moving
nursery stock from quarantined to non-quarantined counties. Movement between
quarantined counties, however, is permitted.





Figure 1.7. The shaded counties have been quarantined by the Ohio Department of
Agriculture to control the spread of the gypsy moth. (Courtesy Ohio Department of
Agriculture)
Currently, the Ohio Department of Agriculture uses two different methods to
control the gypsy moth population in the state: The Gypsy Moth Suppression Program
and The Slow-the-Spread Program. The Gypsy Moth Suppression Program is used in the
quarantined counties of Ohio, where the gypsy moth has established populations. The
goal of the suppression program is not to eliminate the gypsy moths in these counties,
but to minimize the damage they cause to vegetation. Pesticides are sprayed to control
the gypsy moth in these areas. Bacillus thuringiensis var. kurstaki, or Btk, is a microbial
pesticide that has minimal impact on the environment. Diflubenzuron is a chemical
pesticide that more effectively kills the gypsy moth than Btk, but has a greater
environmental impact. Treatment with Btk or Diflubenzuron is done in late May, to kill
caterpillars and prevent them from eating leaves (Harvey, personal communication).





Alternatively, Slow-the-Spread treatments are used in areas outside the quarantined
counties where small, isolated gypsy moth populations occur. The goal of the Slow-theSpread treatments is to eliminate these isolated populations. Pheromone flakes are
dispersed in these areas in mid- to late June. The flakes replicate the female moths’
pheromones, confusing the male moths and interrupting mating. If no mating occurs, the
small population will be eliminated (Slow The Spread Gypsy Moth Project, 2002).
To locate gypsy moth infestations, the Ohio Department of Agriculture does posttreatment aerial sketchmapping (McConnell et al., 2000) during the last two weeks of
June or the first week of July, when gypsy moth defoliation is at its peak. The results of
aerial sketchmapping are used to determine which areas will have high concentrations of
gypsy moth egg masses. Egg mass density counts are then done on the ground to
determine which areas should be treated the following year. Aerial sketchmapping is
difficult, time-consuming, and somewhat imprecise. Aerial sketchmapping results, in
many cases, depend on the observer’s level of expertise. Because the state departments
of Ohio now have unprecedented access to Landsat data, the use of Landsat data presents
a real opportunity for the improvement of gypsy moth management in Ohio and other
affected states.
1.2 SATELLITE IMAGERY
The Landsat mission began in 1972 with the launch of Landsat 1. Two Landsat
satellites are currently in orbit: Landsat 7, launched in April 1999, and Landsat 5, launched
in March 1984. Both satellites image the Earth as a series of 183km X 170km path/row
scenes, and both satellites pass over any given area of the planet once every sixteen days.
Because the two satellites are on opposite sides of the planet at any given time, Landsat 7
and Landsat 5 together image any given area of the planet once every eight days
(Goward et al., 2001). Figure 1.8 shows how both Landsat 5 and Landsat 7 image the




state of Ohio. Ohio is imaged by Paths 20, 19, and 18, and Rows 31, 32, and 33
(OhioLink Landsat 7 Satellite Image Server, 2002). Most gypsy moth defoliation occurs in
the area imaged by Path 18, Row 32.

Figure 1.8. How Landsat images Ohio. Ohio is imaged by Paths 20, 19, and 18, and
Rows 31, 32, and 33. (Courtesy OhioLink Landsat 7 Satellite Image Server)
When using satellite imagery, cloud cover is always an issue. For the detection of
gypsy moth defoliation, the cloud cover problem is exacerbated by the need for images
acquired during very specific time frames. To effectively detect gypsy moth defoliation,
three images are necessary. The first image must be acquired in late May or early June,
when the vegetation is fully developed but has not yet been affected by the gypsy moth.
The second image must be acquired in late June, at the peak of gypsy moth defoliation,
but before the damaged vegetation has time to refoliate. The third image must be
acquired in late July or early August, after the vegetation has recovered from gypsy moth
defoliation and before the vegetation has been affected by cooling temperatures. Both





Landsat 5 and Landsat 7 images were used in this study to greatly increase the chance
that relatively cloud-free images could be acquired during the three crucial time frames.
Tables 1.1 and 1.2 show the properties of Landsat 5’s Thematic Mapper (TM) and
Landsat 7’s Enhanced Thematic Mapper Plus (ETM+). ETM+ has improved resolution in
the thermal infrared band, Band 6; resolution increased from 120m/pixel to 60m/pixel.
ETM+ also has a visible panchromatic band, Band 8, which has 15m/pixel resolution.
Table 1.1. Spectral band characteristics for Landsat 5.
Spectral
Band
Bandwidth
(µm)
Region
Resolution
(m)

1

2

3

4

5

6

7

0.45 –
0.52

0.53 –
0.61

0.63 –
0.69

Visible
blue

Visible
green

Visible
red

0.78 –
0.90
Nearinfrared
(NIR)

1.55 –
1.75
Middleinfrared
(MIR)

10.4 –
12.5
Thermalinfrared
(TIR)

2.09 –
2.35
Middleinfrared
(MIR)

30

30

30

30

30

120

30

Table 1.2. Spectral band characteristics for Landsat 7.
Spectral
Band
Bandwidth
(µm)
Region
Resolution
(m)

1

2

3

4

5

6

7

0.45 –
0.52

0.53 –
0.61

0.63 –
0.69

Visible
blue

Visible
green

Visible
red

30

30

30

0.78 –
0.90
Nearinfrared
(NIR)
30

1.55 –
1.75
Middleinfrared
(MIR)
30

10.4 –
12.5
Thermalinfrared
(TIR)
60

2.09 –
2.35
Middleinfrared
(MIR)
30

8
0.52 – 0.90
Visible to
Near-infrared
(Panchromatic)
15

Spectral Band 4 images the near-infrared portion of the spectrum, and Spectral
Band 3 images the visible red portion of the spectrum. These two bands are most useful
for detecting defoliation caused by the gypsy moth because they contain information that
coincides with certain properties of vegetation.
1.3 VEGETATION SIGNATURE
The unique properties of vegetation allow gypsy moth defoliation to be identified
using Landsat images. Regardless of species or environmental conditions, all green leaves





have basically the same internal structure. All green leaves perform photosynthesis, the
process by which carbon dioxide, water, and sunlight are converted to energy that is
stored in the plant’s leaves. Green leaves use visible light for photosynthesis, so they
reflect or transmit 90% to 95% of other incident light (infrared light) to prevent heat
damage. The mesophyll of a green leaf is where photosynthesis takes place. The
mesophyll is composed of two different types of cells: palisade mesophyll cells and
spongy mesophyll cells (Jensen, 2000).
The larger palisade cells are elongate and tightly arranged in the upper part of the
mesophyll. Each of these cells contains the chloroplasts that house chlorophyll pigments
necessary for photosynthesis. These pigments absorb visible light. The two most
abundant pigments are chlorophyll a and chlorophyll b. Chlorophyll a absorbs the
greatest amount of light at a wavelength of 0.66 µm, corresponding to the red portion of
the spectrum. Chlorophyll b absorbs the greatest amount of light at a wavelength of 0.65
µm, also corresponding to the red portion of the spectrum.
For this reason, the spectral region from 0.63 µm – 0.69 µm, the visible red region,
is most useful for detecting the absorption of visible light by the chlorophyll pigments.
This spectral region corresponds to Landsat spectral band 3. The healthiest vegetation
will perform photosynthesis efficiently, which requires an abundance of chlorophyll
pigments. The healthiest vegetation, therefore, will absorb the greatest amount of red
light.
The smaller spongy mesophyll cells are irregularly shaped and loosely arranged in
the lower part of the mesophyll. The loose arrangement of cells creates intercellular air
spaces, where oxygen and carbon dioxide exchange takes place for photosynthesis. 40%
to 60% of the incident infrared light is reflected by the upper surface of the leaf, and 45%
to 50% of the remaining infrared light is scattered at the interfaces between the cell walls




and the intercellular air spaces in the spongy mesophyll and transmitted through the leaf.
This scattering is most pronounced at wavelengths from 0.7 µm – 1.2 µm, corresponding
to the near-infrared portion of the spectrum. This transmitted light is then reflected or
transmitted by the leaves below, a compounding phenomenon called leaf additive
reflectance.
For this reason, the spectral region from 0.7 µm – 1.2 µm, the near-infrared region,
is most useful for detecting the reflection of infrared light by the leaves. This spectral
region corresponds to Landsat spectral band 4. The healthiest vegetation will have many
leaves, increasing the leaf additive reflectance. The healthiest vegetation, therefore, will
reflect the greatest amount of near-infrared light (Vincent, 1997).
Healthy vegetation, then, will reflect great amounts of near-infrared light from the
upper surfaces of the leaves, transmit great amounts of near-infrared light through the
spongy mesophylls, and absorb great amounts of red light in the palisade mesophylls.
This will result in high infrared reflectance and low red reflectance. As vegetation
becomes less healthy because of environmental stress, the infrared reflectance will
decrease and the red reflectance will increase.
1.4 PREVIOUS STUDIES
The gypsy moth caused tremendous damage in Pennsylvania in the late 1970s. As
a result, many of the first studies conducted to apply satellite imagery to the detection of
gypsy moth defoliation were carried out in Pennsylvania. Rohde and Moore (1974) were
the first to map gypsy moth defoliation by manually interpreting Landsat false-color
images acquired before and during defoliation. Rohde and Moore (1975) were the first to
state that gypsy moth defoliation could be detected using satellite imagery.
The advantages and pitfalls of Landsat data were recognized early. Williams
(1975) pointed out that remote sensing techniques are less costly and less time



consuming than ground surveys, more precise and more objective than aerial
sketchmapping, and less expensive than aerial photography. Williams (1975), however,
expressed concerns about
Landsat-1’s ability to effectively monitor gypsy moth defoliation with only eighteen-day
temporal coverage and the greater than 50% chance of cloud cover during an acquisition
over Pennsylvania.
Williams and Stauffer (1978) attempted to develop processing techniques that
would allow for automated change detection in forests damaged by insects such as the
gypsy moth. This study used Landsat imagery acquired before and during gypsy moth
defoliation. The investigators recognized that agricultural features could be mistaken for
insect defoliation, so the image acquired before defoliation was classified into forest and
nonforest cover types. The image acquired during defoliation was then used to assess
gypsy moth damage only in the areas classified as forest.
Williams et al. (1979) evaluated several different types of vegetation indices on
Landsat imagery acquired before and during peak defoliation to differentiate between
heavy defoliation (61-100%), moderate defoliation (31-60%), light defoliation (5 - 30%),
and healthy forest. The first step in this evaluation was to construct a forest/nonforest
mask based on a land cover classification. Each of the vegetation indices, including the
Ratio Vegetation Index (RVI), a simple near-infrared-to-red ratio, was able to distinguish
between heavy defoliation and healthy forest. Moderate and light defoliation, however,
could not be distinguished from healthy forest.
Ciesla and Acciavatti (1982) determined that high altitude panoramic color infrared
photography acquired during the time of peak defoliation could consistently differentiate
between heavy defoliation, moderate defoliation, and no defoliation. Although more





costly than aerial sketchmapping, aerial infrared photography could provide a permanent
visual record of gypsy moth defoliation and success of treatment.
Williams and Nelson (1986) reiterated the need for forested areas to be
distinguished from nonforested areas using a forest/nonforest mask. The ratio of nearinfrared to red reflectance was calculated for Landsat images acquired before and during
peak defoliation, and areas where the ratio had decreased from the pre-defoliation to the
defoliation image were analyzed for gypsy moth damage. They found that although
heavy defoliation could be distinguished from healthy forest in this manner, moderate
defoliation and healthy forest were spectrally inseparable. Williams and Nelson (1986)
also stated their concerns regarding the sixteen-day temporal coverage of Landsat in the
relatively short time window in which to detect gypsy moth defoliation.
Once gypsy moth populations became more established in several other states,
studies were conducted to apply different types of satellite imagery, as well as
geographical information systems (GIS), to the detection of gypsy moth defoliation in
these states. Studies evaluating the use of satellite imagery and GIS to detect defoliation
caused by other forest pests are relevant as well. Clerke and Dull (1990) determined the
extent and severity of gypsy moth defoliation in Virginia using imagery acquired by the
French Systeme Probatoire d’Observation de la Terre (SPOT). SPOT data acquired before
and during defoliation was used to compute both the RVI and the Normalized Difference
Vegetation Index (NDVI), the ratio of the difference between the near-infrared and red
reflectance to the sum of the near-infrared and red reflectance. Based on ground truth
data and aerial photography, the range of ratio values corresponding to heavy, moderate,
and light defoliation were defined. Clerke and Dull (1990), however, raised questions
regarding the completeness of this classification, citing the unknown effects of terrain and
forest type on the extent and severity of gypsy moth defoliation.




Dull et al. (1990) used SPOT imagery, high altitude panoramic color infrared
photography, and traditional aerial sketchmapping results to determine the extent of
gypsy moth defoliation in northern Virginia. This study illustrated the importance of
maintaining a GIS database to track defoliation extents, spray block extents, pheromone
trap data, and egg mass survey results. This database could be used to efficiently
determine the defoliated area of each county, the defoliated area of each property owner,
and the defoliated area of each spray block. This information could make the evaluation
of treatment success, as well as any treatment decisions, very simple.
Joria et al. (1991) used a digitized USGS map to determine the locations of forested
areas in Michigan and concentrated the study on only those forested areas. Digitized
aerial photography was used to perform both supervised and unsupervised classifications
on Landsat TM and SPOT data. These classifications identified areas of severe defoliation
(>75% defoliation on >75% of the trees), moderate defoliation (>50% defoliation on >50%
of the trees), or no defoliation. Landsat TM was found to be better than SPOT for
differentiating between the three classes.
Qi et al. (1993) evaluated the NDVI and the Soil-Adjustable Vegetation Index
(SAVI), the ratio of the difference between the near-infrared and red reflectance to the
sum of the near-infrared reflectance, red reflectance, and a soil correction term. These
vegetation indices were evaluated for SPOT data in Arizona as functions of atmospheric,
view, and soil effects. Atmospheric effects were found to most influence red and nearinfrared reflectance in highly vegetated areas, such as forest, so both vegetation indices
were found to be suitable for analyzing vegetation changes.
Liebhold et al. (1994) digitized aerial sketchmaps of gypsy moth defoliation in
Pennsylvania from 1969 to 1989, then normalized this data based on the number of years
an area had been defoliated. A map of forest type was also digitized to identify areas




containing the gypsy moths’ preferred species of trees. USGS digital elevation models
were used to incorporate elevation data into the study. Using a GIS, this information was
used to determine that susceptibility to gypsy moth infestations increased with elevation
in Pennsylvania.
Muchoney and Haack (1994) digitized aerial sketchmaps of gypsy moth defoliation
in Virginia in 1987 and 1988. The aerial sketch maps were classified into areas of nondefoliation (<30%), moderate defoliation (31-60%), and heavy defoliation (61-100%).
Based on the aerial sketch maps and SPOT data, four change detection techniques were
compared: principal components analysis, image differencing, spectral-temporal change
classification and post-classification change differencing. Muchoney and Haack (1994)
determined that image differencing, the pixel-by-pixel subtraction of two or more coregistered data sets, is the most reliable and efficient way to detect vegetation changes.
Williams and Liebhold (1995) used a GIS to study the effects of temperature and
precipitation to predict the amount of area that could be defoliated by the gypsy moth in
Pennsylvania and the western spruce budworm in Oregon. Aerial sketchmaps were
digitized, and the data were normalized based on the number of months an area had
been defoliated. 30-year averages of monthly temperature and precipitation were used
for each state. When only temperature increased, the gypsy moth defoliated more area
and the western spruce budworm defoliated less area. When both temperature and
precipitation increased, both insects defoliated more area. When temperature increased
and precipitation decreased, both insects defoliated less area.
Liebhold et al. (1998) used a GIS to predict defoliation in given areas of Virginia
and West Virginia based on egg mass densities, pheromone trap data, previous year’s
defoliation, and distance to the front of gypsy moth infestation. Pheromone trap data
were digitized from USGS topographic maps, and egg mass densities and the previous




year’s defoliation were digitized from high altitude color infrared photography. The
models based on egg mass densities and distance to the front of gypsy moth infestation
were the best predictors of defoliation, but still showed significant error. The results of
this study indicate that egg mass density counts may not be the most accurate basis for
the following year’s treatment decisions.
Radeloff et al. (1999) used Landsat TM data to identify the forest attributes that
affect jack pine budworm population levels and separate the spectral signatures of these
attributes from those of actual jack pine budworm defoliation in Wisconsin. This study
showed the utility of satellite imagery to identify those characteristics of a forest that
make it susceptible to insect defoliation, as well as to identify the actual insect
defoliation.
This thesis differs from previous studies in that both the defoliation and
subsequent refoliation events are analyzed to detect gypsy moth activity. Three images
were used: pre-defoliation, defoliation, and post-defoliation. This allows for a less
ambiguous detection of gypsy moth damage to vegetation.





2.0 METHODS
2.1 DATA ACQUISITION
The Landsat 7 datasets used in this study were found using the OhioView website,
Landsat 7 Data Holdings by Path/Row (2003). Each of the Landsat 7 datasets was then
downloaded, free of charge, from a server at the Nasa Glenn Research Center (Index of
Landsat 7 Data, 2003). The Landsat 5 datasets used in this study were found and ordered
from EarthExplorer (2003). Each of the Landsat 5 datasets was then retrieved from an
FTP site.
For each acquisition date, both the Landsat 7 and Landsat 5 datasets were available
as a series of .tif files, each file corresponding to a spectral band with digital number
values ranging from 0 to 255. These datasets were in the World Geodetic System 1984
datum and the Universal Transverse Mercator Zone 17 North projection. ER Mapper
was used to process the Landsat data. Since ER Mapper uses .ers format for raster
datasets, the first processing step was to convert the .tif files to .ers files.
2.2 HAZE-ADJUSTED RATIO SUBTRACTION
An effective way to quantitatively measure the amount of healthy vegetation in
each pixel of an image is the ratio with haze adjustment. This is the ratio of Landsat
spectral band 4 to Landsat spectral band 3 with an atmospheric correction. Since
atmospheric effects usually increase all reflectance values uniformly, the haze adjustment
simply uniformly subtracts the lowest non-zero digital number of each band from each
pixel. This removes the deceptive increase in reflectance values caused by atmospheric
effects. The healthiest vegetation is represented by the largest values in this type of
image. The following formula, written in ER Mapper format, is the ratio with haze
adjustment.





(Input1 - RMIN (Region1,Input1)) / (Input2 - RMIN (Region1,Input2))
Input1 = Band 4 (near-infrared)
Input2 = Band 3 (red)
RMIN = region minimum
Region1 = region contained by dataset
For an image acquired on June 11, 2001, the ratio with haze adjustment algorithm
was created using the following formula.
(Input1 - RMIN (Region1,Input1)) / (Input2 - RMIN (Region1,Input2))
Input1 = 20010611:Band 4
Input2 = 20010611:Band 3
Since this image was acquired in early June, it will serve as a pre-defoliation frame, one
that depicts the state of vegetation before gypsy moth defoliation. Vegetation in this
image should be healthy, so ratio values should be high. This image, acquired by
Landsat 7, is shown in Figure 2.1.





Figure 2.1. This image was created using a ratio with haze adjustment algorithm. This
image was acquired June 11, 2001 by Landsat 7 and will serve as a pre-defoliation frame,
one that depicts the state of vegetation before gypsy moth defoliation. Vegetation in this
image should be healthy since it has not yet been damaged by gypsy moth caterpillars, so
ratio values should be high.
For an image acquired on June 28, 2001, the ratio with haze adjustment algorithm
was created using the following formula.
(Input1 - RMIN (Region1,Input1)) / (Input2 - RMIN (Region1,Input2))
Input1 = 20010628:Band 4
Input2 = 20010628:Band 3
Since this image was acquired in late June, the gypsy moth caterpillars would have
already done their damage to the trees. This image, then, serves as the defoliation image.
Areas where gypsy moth caterpillars have done damage should have low ratio values.
This image, acquired by Landsat 5, is shown in Figure 2.2.





Figure 2.2. This image was acquired June 28, 2001 by Landsat 5 during the peak of
gypsy moth defoliation. This image, then, serves as the defoliated image. Areas where
gypsy moth caterpillars have done damage should have low ratio values.
For an image acquired on July 21, 2001, the ratio with haze adjustment algorithm
was created using the following formula.
(Input1 - RMIN (Region1,Input1)) / (Input2 - RMIN (Region1,Input2))
Input1 = 20010721:Band 4
Input2 = 20010721:Band 3
Since this image was acquired in late July, it shows refoliation of the trees that have been
attacked by gypsy moths and serves as the post-defoliation image. The ratio values in
this image should be comparable to those in the June 11 (pre-defoliation) image. This
image, acquired by Landsat 5, is shown in Figure 2.3.





Figure 2.3. This image was acquired July 21, 2001 by Landsat 5 and shows refoliation of
the trees that have been attacked by gypsy moths. The ratio values in areas that were
damaged by gypsy moth caterpillars should now show high ratio values in this image,
ratio values comparable to those in the June 11 image.
Subtracting one haze-adjusted ratio from another is a useful way of determining
the amount of change that occurs between two dates. I subtract the ratio of the later date
from the ratio of the earlier date. Since the ratio values decrease in a defoliated area, a
small number is subtracted from a large number, resulting in high ratio subtraction values
in defoliated areas. In a refoliated area, a large number is subtracted from a small
number, resulting in negative ratio subtraction values. The following formula is the hazeadjusted ratio subtraction.
[(Input1 - RMIN (Region1,Input1)) /
[(Input3 - RMIN (Region1,Input3)) /

(Input2 - RMIN (Region1,Input2))] (Input4 - RMIN (Region1,Input4))]

Input1 = Band 4 (earlier image)
Input2 = Band 3 (earlier image)
Input3 = Band 4 (later image)
Input4 = Band 3 (later image)





Using this method, the key to identifying areas that have been defoliated by the
gypsy moth is to look for large ratio subtraction values between early June and late June,
and negative ratio subtraction values between late June and late July. When these two
conditions are satisfied in a single area, there is a real possibility that gypsy moths have
been active in this area.
The following formula was used to create the haze-adjusted ratio subtraction
image comparing June 11 and June 28.
[(Input1 - RMIN (Region1,Input1)) /
[(Input3 - RMIN (Region1,Input3)) /

(Input2 - RMIN (Region1,Input2))] (Input4 - RMIN (Region1,Input4))]

Input1 = 20010611:Band 4
Input2 = 20010611:Band 3
Input3 = 20010628:Band 4
Input4 = 20010628:Band 3
The values of the resulting dataset range from -6.048 to 6.134. Since June 11 is predefoliation and June 28 shows defoliation, a small number is being subtracted from a
large number, and we would expect areas that have sustained damage from the gypsy
moth to have high ratio subtraction values. These areas are shown in red or orange in
Figure 2.4.





Figure 2.4. This image was created by subtracting the haze-adjusted ratio of June 28 from
the haze-adjusted ratio of June 11. Since June 11 is pre-defoliation and June 28 shows
the peak of gypsy moth defoliation, a small number is being subtracted from a large
number, and we would expect areas that have sustained damage from the gypsy moth to
have high ratio subtraction values. These areas are shown in red or orange.
The following formula was used to create the haze-adjusted ratio subtraction
image comparing June 28 and July 21.
[(Input1 - RMIN (Region1,Input1)) /
[(Input3 - RMIN (Region1,Input3)) /

(Input2 - RMIN (Region1,Input2))] (Input4 - RMIN (Region1,Input4))]

Input1 = 20010628:Band 4
Input2 = 20010628:Band 3
Input3 = 20010721:Band 4
Input4 = 20010721:Band 3
The values of the resulting dataset range from -4.644 to 7.286. Since June 28 shows
defoliation and July 21 shows the vegetation recovering from gypsy moth attack, a large
number is being subtracted from a small number, and we would expect areas that are
recovering from gypsy moth defoliation to have negative ratio subtraction values. These
areas are shown in blue or green in Figure 2.5.




Figure 2.5. This image was created by subtracting the haze-adjusted ratio of July 21 from
the haze-adjusted ratio of June 28. Since June 28 shows defoliation and July 21 shows
the vegetation recovering from gypsy moth attack, a large number is being subtracted
from a small number, and we would expect areas that are recovering from gypsy moth
defoliation to have negative ratio subtraction values. These areas are shown in blue or
green.
2.2.1 Mask Creation
To isolate areas that had been damaged by gypsy moth caterpillars, I added the
Ohio Department of Agriculture’s defoliation vector file to both the defoliation and
refoliation haze-adjusted ratio subtraction images. This vector file was created by the
Ohio Department of Agriculture by digitizing the defoliated areas found using aerial
sketchmapping in the summer of 2001. This vector file was in the North American
Datum 1983 and Latitude/Longitude projection. I converted the vector file to the World
Geodetic System 1984 datum and the Universal Transverse Mercator Zone 17 North
projection using ArcView 3.2’s Reprojection Utility. I then used the ArcView
Shapefile to ER Mapper vector convertor, a program provided as a free download from




ER Mapper (ER Mapper Home Page, 2003). This program converted the shapefile
into a .erv file, ER Mapper’s format for vector datasets.
I examined the values of each pixel of the defoliation and refoliation haze-adjusted
ratio subtraction images in the areas identified by the Ohio Department of Agriculture.
Specifically, I chose five polygons in the vector file that were completely unobscured by
clouds for all three dates and determined the value of each pixel that was entirely
contained within one of these five sketchmapping polygons. The pixel values are listed
in Appendix A. I averaged the values of the pixels from all five polygons in the
defoliation haze-adjusted ratio subtraction image, and got a result of 3.94. I averaged the
values of all the pixels from all five polygons in the refoliation haze-adjusted ratio
subtraction image, and got a result of –0.59. These averages were calculated using a
Microsoft Excel spreadsheet.
Based on these averages, I determined that the large ratio subtraction values
expected between early June and late June as a result of gypsy moth defoliation should
be greater than or equal to 3.94; the negative ratio subtraction values expected between
late June and late July as a result of refoliation of damaged vegetation or vigorous
understory growth should be less than or equal to –0.59. To apply this information to the
defoliation and refoliation haze-adjusted ratio subtraction datasets, I used the following
formula.
If Input1>=3.94 Then Input1 Else NULL
AND
If Input2<=-0.59 Then Input2 Else NULL
Input1=20010611_20010628 HazeAdjustedRatioSubtraction
Input2=20010628_20010721 HazeAdjustedRatioSubtraction
This formula was essentially a mask used to include only those areas that fit the criteria
for gypsy moth defoliation and refoliation in the rest of the analysis. The result of





applying this formula is shown in Figure 2.6. Examples of areas exhibiting defoliation
and subsequent refoliation can be seen in Figure 2.7.

Figure 2.6. This image was created by restricting the values of haze-adjusted ratio
subtraction between June 11 and June 28 to greater than or equal to 3.94; the values of
haze-adjusted ratio subtraction between June 28 and July 21 were restricted to less than
or equal to –0.59.





Figure 2.7a. This is an example of defoliation on a haze-adjusted ratio subtraction image.
The defoliated area is outlined in black. The ratio subtraction values in this area are high,
as expected.

Figure 2.7b. This is an example of refoliation on a haze-adjusted ratio subtraction image.
The refoliated area is outlined in black. The ratio subtraction values in this area are
negative, as expected.
2.2.2 Manual Interpretation of False-Color Images
Although the mask eliminated many areas, all of the remaining areas had not been
subject to gypsy moth attack. For this reason, it was necessary to look back at the falsecolor images to determine what type of change had taken place. A false-color image, or





false-color composite, is a simple Red-Green-Blue surface where the near-infrared band,
Landsat band 4, is assigned the color red, the red band, Landsat band 3, is assigned the
color green, and the green band, Landsat band 2, is assigned the color blue. In a falsecolor image, vegetation appears red. An example of this type of image is shown in
Figure 2.8. The healthiest vegetation is shown as the brightest red in this type of image.

Figure 2.8. This is a false-color image of showing the area covered by path 18, row 32.
This image was acquired June 28, 2001 by Landsat 5. In this type of image, the healthiest
vegetation is shown as the brightest red in the image.
If gypsy moth defoliation has taken place in an area, the appearance of that area
will change in very specific ways on false-color images. In a pre-defoliation image such
as the one in Figure 2.9a, the area will be red. This shows that infrared light is strongly
reflected and red light is readily absorbed, indicating healthy vegetation. In a defoliated
image such as the one in Figure 2.9b, the area will be green. This shows that infrared
light is no longer strongly reflected and red light is no longer readily absorbed, indicating





that the amount of healthy vegetation has decreased. In a refoliated image such as the
one in Figure 2.9c, the area will be red again. This indicates that the amount of healthy
vegetation has increased and is comparable to the amount of healthy vegetation in the
reference image (Figure 2.9a). The area shown in Figure 2.9 is the same area shown in
Figure 2.7.

Figure 2.9a. On this June 11 pre-defoliation image, the vegetation looks very healthy.
The entire area is bright red.

Figure 2.9b. On this June 28 defoliated image, the appearance of this area has definitely
changed relative to Figure 2.9a. Rather than the bright red that indicates healthy
vegetation, the area is mostly green. This indicates that infrared light is no longer readily
reflected and red light is no longer readily absorbed. The amount of healthy vegetation
in this area has definitely decreased.





Figure 2.9c.On this July 21 refoliated image, the appearance of the area has changed
again. Instead of being bright green, the area has become less green and more red. This
indicates that the amount of healthy vegetation in this area has increased.
2.3 CHANGE VECTOR ANALYSIS
In its simplest form, change vector analysis can measure the change between two
dates. If the values of pixels from two dates are plotted on a graph where the x-axis
represents values of Landsat band 4 and the y-axis represents values of Landsat band 3, a
vector can represent any change (Johnson, 1998). An example of this type of graph is
shown in Figure 2.10.

Figure 2.10. A simple change vector is shown here in red. The x-axis represents the
values of Landsat spectral band 3 and the y-axis represents the values of Landsat spectral
band 4.





To get more information from a change vector, the x-axis can represent the
change in the ratio with haze adjustment values between two dates (the haze-adjusted
ratio subtraction between two dates) and the y-axis can represent the change in the ratio
with haze adjustment values between two different dates (the haze-adjusted ratio
subtraction between two different dates). When these values are plotted, the magnitude
and direction of a change vector can be determined. An example of this type of change
vector is shown in Figure 2.11.

Figure 2.11. Magnitude and direction of a change vector. The x- and y- axes represent
the change in some value, for example, the change in the ratio with haze adjustment
values between two different dates (the haze-adjusted ratio subtraction between two
different dates).
Change vector analysis requires high temporal coverage. Since clouds can be a
problem when using Landsat images, the study area was defined as the area of overlap
between paths 18 and 19, row 32. By taking advantage of this overlap, the study area
could be imaged by one satellite every eight days rather than only every sixteen days,
greatly increasing the chance that cloud-free images will be acquired for the area during
the critical time period. When both Landsat 5 and Landsat 7 data are used for an area of
overlap, the acquisition period increases from every eight days to every four days. Five
relatively cloud-free images were acquired in the area of overlap between paths 18 and




19, row 32 during the summer of 2001. These images were acquired June 11, June 19,
June 28, July 6, and July 21.
Using these five dates, I was able to determine four haze-adjusted ratio subtraction
values. One measures the change between June 11 and June 19, one measures the
change between June 19 and June 28, one measures the change between June 28 and
July 6, and one measures the change between July 6 and July 21. These four change
values allowed me to define two separate change vectors, which I termed the defoliation
vector and the refoliation vector. The components of the defoliation vector are the
change between June 11 and June 19 and the change between June 19 and June 28. The
components of the refoliation vector are the change between June 28 and July 6 and the
change between July 6 and July 21.
2.3.1 Mask Creation
When the haze-adjusted ratio subtraction values from June 11 to June 19 are
plotted against those from June 19 to June 28, the resulting defoliation vector is expected
to plot in quadrant 1. Both haze-adjusted ratio subtraction values should be positive if
the change in vegetation has been caused by gypsy moth defoliation. A graphical
representation of this relationship can be seen in Figure 2.12. The following formula was
used to isolate these areas.
If Input1>0 Then Input1 Else NULL
AND
If Input2>0 Then Input2 Else NULL
Input1=20010611_20010619 HazeAdjustedRatioSubtraction
Input2=20010619_20010628 HazeAdjustedRatioSubtraction





Figure 2.12. A graphical representation of the haze-adjusted ratio subtraction values from
June 11 to June 19 plotted against those from June 19 to June 28. The resulting
defoliation vector is expected to plot in quadrant 1. Both haze-adjusted ratio subtraction
values should be positive if the change in vegetation has been caused by gypsy moth
defoliation.
When the haze-adjusted ratio subtraction values from June 28 to July 6 are plotted
against those from July 6 to July 21, the resulting refoliation vector is expected to plot in
quadrant 3. Both haze-adjusted ratio subtraction values should be negative if the change
in vegetation has been caused by the refoliation of trees damaged by the gypsy moth.
The following formula was used to isolate these areas.
If Input1<0 Then Input1 Else NULL
AND
If Input2<0 Then Input2 Else NULL
Input1=20010628_20010706 HazeAdjustedRatioSubtraction
Input2=20010706_20010721 HazeAdjustedRatioSubtraction
These quadrant restrictions were combined using the following formula.
If Input1>0 AND Input2>0
Then Input1 AND Input2 Else NULL
AND
If Input3<0 AND Input4<0
Then Input1 AND Input2 Else NULL
Input1=20010611_20010619 HazeAdjustedRatioSubtraction
Input2=20010619_20010628 HazeAdjustedRatioSubtraction
Input3=20010628_20010706 HazeAdjustedRatioSubtraction
Input4=20010706_20010721 HazeAdjustedRatioSubtraction





Figure 2.13 is the result of applying the previous formula to the data. The areas that fit
the criteria are shown in blue, and any areas that do not fit the criteria are blacked out.
The only area of interest is the area of overlap between paths 18 and 19. Although this
mask did not eliminate enough areas to be useful on its own, it served as a good starting
point for analyzing the magnitudes and directions of the change vectors.
By using the haze-adjusted ratio subtractions between June 11 and June 19 and
between June 19 and June 28, the following formula was used to determine the
magnitude of the defoliation vector. The resulting image is shown in Figure 2.14.
[(Input1)2+(Input2)2]1/2
Input1= 20010611_20010619 HazeAdjustedRatioSubtraction
Input2= 20010619_20010628 HazeAdjustedRatioSubtraction
The values of the resulting dataset ranged from 0.0040 to 8.4160.
By using the haze-adjusted ratio subtractions between June 28 and July 6 and
between July 6 and July 21, the following formula was used to determine the magnitude
of the refoliation vector. The resulting image is shown in Figure 2.15.
[(Input1)2+(Input2)2]1/2
Input1= 20010628_20010706 HazeAdjustedRatioSubtraction
Input2= 20010706_20010721 HazeAdjustedRatioSubtraction
The values of the resulting dataset ranged from 0.0040 to 7.0080.





Figure 2.13. This image was created by restricting the haze-adjusted ratio subtraction
values between June 11 and June 19 and between June 19 and June 28 to positive values
and restricting the haze-adjusted ratio subtraction values between June 28 and July 6 and
between July 6 and July 21 to negative values.





Figure 2.14. The values in this image represent the magnitudes of the defoliation vector.





Figure 2.15. The values in this image represent the magnitudes of the refoliation vector.





Once the magnitudes of the two change vectors were determined, the next step in
isolating the specific change defined by these two vectors was to determine the angle
between them. The formula for the dot product was rearranged to determine the angle
between the defoliation vector and the refoliation vector. This process can be seen
below.
Dot Product:
A.B = |A|*|B|*cos
cos = (A.B) / (|A|*|B|)
= acos { [A.B] / [|A|*|B|]}
Angle Between Defoliation Vector and Refoliation Vector =
acos {[(20010611_20010619HazeAdjustedRatioSubtraction *
20010628_20010706HazeAdjustedRatioSubtraction) +
(20010619_20010628 HazeAdjustedRatioSubtraction *
20010706_20010721 HazeAdjustedRatioSubtraction)] /
(DefoliationVectorMagnitude * RefoliationVectorMagnitude)}
In ER Mapper format, the formula is as follows.
ACOS{[(Input1 * Input2) + (Input2 * Input3)] /
(Input5 * Input6)}
Input1=
Input2=
Input3=
Input4=

20010611_20010619HazeAdjustedRatioSubtraction
20010628_20010706HazeAdjustedRatioSubtraction
20010619_20010628 HazeAdjustedRatioSubtraction
20010706_20010721 HazeAdjustedRatioSubtraction

Input5= DefoliationVectorMagnitude
Input6= RefoliationVectorMagnitude
The values of the resulting dataset ranged from 0 to 3.1416, and represent the angle
between the defoliation vector and the refoliation vector in radians. In this case, the
specific type of change caused by gypsy moth defoliation and the subsequent refoliation
of the damaged trees should have a specific angle between the defoliation vector and the
refoliation vector. Figure 2.16 shows the values of the various angles between the
defoliation and refoliation vectors.





Figure 2.16. The values in this image represent the angle between the defoliation and
refoliation vectors.





I examined the values of each pixel of the defoliation vector magnitude, refoliation
vector magnitude, and angle between the defoliation and refoliation vectors images in the
areas identified by the Ohio Department of Agriculture. Specifically, I chose six polygons
in the vector file in the area of overlap between paths 18 and 19, row 32 that were
completely unobscured by clouds for all five dates. I then determined the value of each
pixel that was entirely contained within one of these six sketchmapping polygons. The
pixel values are listed in Appendix B. I determined the range of values of the pixels from
all six polygons in each of the three images. In the defoliation vector magnitude image,
the range of values was 1.2874 to 3.0491. In the refoliation vector magnitude image, the
range of values was 0.2612 to 3.8122. In the image showing the angle between the
defoliation and refoliation vectors, the range of values was 0.9171 to 2.9232.
Based on these results, I determined that the magnitude of the defoliation vector
with components of the change between June 11 and June 19 and the change between
June 19 and June 28 should fall between 1.2874 and 3.0491. The magnitude of the
refoliation vector with components of the change between June 28 and July 6 and the
change between July 6 and July 21 should fall between 0.2612 and 3.8122. The angle
between these two vectors should fall between 0.9171 and 2.9232. To apply this
information to the three datasets, I used the following formula.
If Input1>=1.2874 AND Input1<=3.0491 Then Input1 Else NULL
AND
If Input2>=0.2612 AND Input2<=3.8122 Then Input2 Else NULL
AND
If Input3>=0.9171 AND Input3<=2.9232 Then Input3 Else NULL
Input1=DefoliationVectorMagnitude
Input2=RefoliationVectorMagnitude
Input3=AngleBetweenVectors





This formula was essentially a mask used to include only those areas that fit the criteria
for gypsy moth defoliation and refoliation in the rest of the analysis. The result of
applying this formula is shown in Figure 2.17.
To further isolate areas that fit the criteria for gypsy moth defoliation and
refoliation, I combined the formula restricting the range of values for the defoliation
vector, refoliation vector, and angle between the two vectors with the formula restricting
the haze-adjusted ratio subtraction values between June 11 and June 19 and between
June 19 to June 28 to positive values and the haze-adjusted ratio subtraction values
between June 28 and July 6 and between July 6 and July 21 to negative values. The
formula is shown below and the resulting image can be seen in Figure 2.18.
If Input1>=1.2874 AND Input1<=3.0491 Then Input1 Else NULL
AND
If Input2>=0.2612 AND Input2<=3.8122 Then Input2 Else NULL
AND
If Input3>=0.9171 AND Input3<=2.9232 Then Input3 Else NULL
AND
If Input4>0 AND Input5>0
Then Input4 AND Input5 Else NULL
AND
If Input6<0 AND Input7<0
Then Input6 AND Input7 Else NULL
Input1=DefoliationVectorMagnitude
Input2=RefoliationVectorMagnitude
Input3=AngleBetweenVectors
Input4= 20010611_20010619 HazeAdjustedRatioSubtraction
Input5= 20010619_20010628 HazeAdjustedRatioSubtraction
Input6= 20010628_20010706 HazeAdjustedRatioSubtraction
Input7= 20010706_20010721 HazeAdjustedRatioSubtraction





Figure 2.17. This image was created by restricting magnitudes of the defoliation vector to
the range of 1.2874 – 3.0491, restricting the magnitudes of the refoliation vector to the
range of 0.2612 – 3.8122, and restricting the angle between the defoliation and refoliation
vectors to the range of 0.9171 – 2.9232.





Figure 2.18. This image was created by restricting magnitudes of the defoliation vector to
the range of 1.2874 – 3.0491, restricting the magnitudes of the refoliation vector to the
range of 0.2612 – 3.8122, and restricting the angle between the defoliation and refoliation
vectors to the range of 0.9171 – 2.9232, restricting the haze-adjusted ratio subtraction
values between June 11 and June 19 and between June 19 and June 28 to positive values,
and restricting the haze-adjusted ratio subtraction values between June 28 and July 6 and
between July 6 and July 21 to negative values.




2.3.2 Manual Interpretation of False-Color Images
Although the mask eliminated many areas, all of the remaining areas had not been
subject to gypsy moth attack. For this reason, it was again necessary to look back at the
false-color images to determine what type of change had taken place. Areas that fit the
mask’s criteria and changed in the expected ways on the pre-defoliation, defoliation, and
refoliation false-color images were interpreted as gypsy moth infestations.





3.0 RESULTS
3.1 HAZE-ADJUSTED RATIO SUBTRACTION
The areas that fit the criteria for gypsy moth defoliation and subsequent refoliation
on both the haze-adjusted ratio subtraction images and the false-color images in path 18,
row 32 were converted into a vector file. This vector file was compared to the Ohio
Department of Agriculture’s vector file.
Figure 3.1 is a typical comparison between the results produced using the hazecorrected ratio subtraction method and those produced by the Ohio Department of
Agriculture’s aerial sketchmapping. In most cases, this method identified two or more
smaller areas within each of the Ohio Department of Agriculture’s larger areas. Aerial
sketchmapping tended to identify larger areas of gypsy moth infestation, but often the
smaller areas identified were found within these larger areas. The calibration of
defoliation and refoliation values on the haze-adjusted ratio subtraction images seemed to
detect the highest levels of defoliation, whereas aerial sketchmapping detected several
levels of defoliation severity.





Figure 3.1. The large white polygon indicates an area that the Ohio Department of
Agriculture identified using aerial sketchmapping. The seven small black polygons are
areas that exhibited the spectral and temporal signatures of gypsy moth defoliation and
refoliation on Landsat images.
Since the female moth does not fly, the highest levels of defoliation may coincide
with those areas where the highest concentrations of egg masses can be found. The
areas identified using the haze-corrected ratio subtraction method often contained
significant numbers of egg masses. This is useful for the Ohio Department of Agriculture,
because locating and counting egg masses is an integral part of their treatment decisions.
There was, however, one major and surprising source of ambiguity, as discussed below.
Figure 3.2a shows the June 11, path 18, row 32, frame, on which the Ohio
Department of Agriculture results are superimposed. The Ohio Department of Agriculture
identified 83 defoliated areas in the area covered by the frame using aerial
sketchmapping. The haze-corrected ratio subtraction method identified 97 areas that





exhibited the spectral and temporal signatures that indicated gypsy moth defoliation and
subsequent refoliation.
3.2 FIELD VERIFICATION
Figure 3.2a also shows two areas where fieldwork was conducted to verify the
results of the haze-adjusted ratio subtraction method. Area 1 falls among places where
gypsy moth infestations were identified using aerial sketchmapping. Area 2 was south of
any gypsy moth infestation identified using aerial sketchmapping.
Figure 3.2b shows an enlargement of Area 1. The five polygons identified in Area
1 were checked on the ground. These five polygons were included in two larger
polygons that the Ohio Department of Agriculture had identified using aerial
sketchmapping. Three of the five polygons had very high concentrations of egg masses,
as compared to the rest of the larger polygons identified by aerial sketchmapping. These
are indicated in Figure 3.2b by the letter 'E'.

However two of the polygons contained

significant infestations of wild grapevines (vitis spp.), indicated by the letter ‘V’ in Figure
3.2b.
The ten polygons identified in Area 2 (Figure 3.2c) were also verified on the
ground. These ten polygons did not coincide with any gypsy moth infestations that had
been found using aerial sketchmapping. No egg masses or other evidence for gypsy
moth activity were found in Area 2. Three of the ten areas contained agricultural activity
or brush cutting. The other seven areas were forested and also contained wild
grapevines that had overgrown the trees. Although cloud cover in the defoliated image
was initially believed to be responsible for these false alarms, the defoliated image was
cloud-free over these ten areas, as shown in Figures 3.2c, 3.2d, and 3.2e. The wild
grapevines’ effect on the vegetation in these areas was both spectrally and temporally
very similar to the gypsy moth signature.




Figure 3.2a. This Landsat image shows path 18, row 32 acquired on June 11, 2001. The
white polygons indicate areas where the Ohio Department of Agriculture detected gypsy
moth defoliation using aerial sketchmapping. The black polygons indicate areas where
gypsy moth defoliation was detected using Landsat data. The areas verified by fieldwork
are outlined and labeled as areas 1 and 2.

Figure 3.2b. An enlarged view of Area 1. The two large white polygons show areas
infested by the gypsy moth identified by the Ohio Department of Agriculture’s aerial
sketchmapping. The five smaller areas identified using Landsat data are outlined in
black. The areas identified using Landsat data are labeled ‘E’ where high concentrations
of egg masses were found and ‘V’ where wild grapevines were found.





Figure 3.2c. An enlarged view of Area 2. This image was acquired June 11, 2001. The
ten small polygons that indicate areas identified as potential gypsy moth defoliation using
Landsat data are outlined in black. Seven of the ten areas contained wild grapevines.

Figure 3.2d. An enlarged view of Area 2. This image was acquired June 28, 2001. The
ten small polygons that indicate areas identified as potential gypsy moth defoliation using
Landsat data are outlined in black. Although cloud cover in the defoliated image was
initially believed to be responsible for these false alarms, the defoliated image was cloudfree over these ten areas.





Figure 3.2e. An enlarged view of Area 2. This image was acquired July 21, 2001. The
ten small polygons that indicate areas identified as potential gypsy moth defoliation using
Landsat data are outlined in black.
If Area 2 is excluded, however, 76% of the areas mapped using the haze-corrected
ratio subtraction method fell either inside or within 500 meters of the areas mapped by
the Ohio Department of Agriculture aerial sketchmapping program. The field verification
of Area 2 showed that most of the areas that were identified as possible gypsy moth
defoliation were in fact due to wild grapevine infestations.
Based on the field results, it was evident that a more precise method would be
necessary to determine the difference between the spectral signature of gypsy moth
defoliation and that of agricultural or other types of change. Change vector analysis was
expected to be a more suitable technique for effectively isolating the specific spectral and
temporal signature caused by gypsy moth defoliation.





3.3 CHANGE VECTOR ANALYSIS
The areas that fit the criteria for gypsy moth defoliation and subsequent refoliation
on both the change vector analysis images and the false-color images in the area of
overlap between paths 18 and 19, row 32 were compared to the Ohio Department of
Agriculture’s vector file.
The Ohio Department of Agriculture identified 33 defoliated areas in the area of
overlap between paths 18 and 19, row 32 using aerial sketchmapping. Change vector
analysis identified 95 areas that exhibited the spectral and temporal signatures that
indicated gypsy moth defoliation and subsequent refoliation. Once again, this method
identified two or more smaller areas within each of the Ohio Department of Agriculture’s
larger areas in many cases. The calibration of the mask once again seemed unable to
detect varying levels of defoliation severity.
If Area 2 is excluded from the change vector analysis results, 63% of the areas
mapped using change vector analysis fell either inside or within 500 meters of the areas
mapped by the Ohio Department of Agriculture aerial sketch mapping program. In Area
1, which was verified on the ground, two areas detected using change vector analysis
corresponded to two of the three polygons identified using the haze-corrected ratio
subtraction technique that contained very high concentrations of egg masses.





4.0 CONCLUSIONS
Clouds are an issue whenever satellite data is being used; this study was no
exception. Landsat 5 data was essential because the defoliated image was acquired by
Landsat 5. Without this crucial coverage, detection of gypsy moth defoliation would not
have been possible in Ohio for 2001. Because of the relatively short time window to
detect defoliation, a single satellite acquiring images every sixteen days will usually be
unable to provide the critical defoliation images. Coverage of Ohio every eight days
seems to be a minimum requirement to map gypsy moth infestations at the state level, so
both Landsat 5 and Landsat 7 data are necessary to make this technique possible.
The use of at least three frames taken during critical times to analyze both
defoliation and subsequent refoliation results in a stronger, less ambiguous signal of
gypsy moth damage than the use of only two frames. The areas identified using Landsat
data that corresponded to the Ohio Department of Agriculture’s aerial sketchmapping
results often pinpointed the exact locations of the most severe defoliation and the highest
concentrations of egg masses. Areas with the highest concentrations of egg masses in
mid-summer are likely to contain the greatest numbers of gypsy moth caterpillars the
following spring. The Ohio Department of Agriculture can base treatment decisions for
the following spring on the exact locations of high concentrations of egg masses detected
using Landsat data.
Wild grapevines are the greatest source of ambiguity in this study. At this point,
no explanation can be given as to why wild grapevines decrease and subsequently
increase the band 4 to band 3 ratio at the same time as the decrease and increase caused
by gypsy moth infestations. More work is needed to determine the difference in
signature between wild grapevine damage and gypsy moth damage.




APPENDIX A
Pixel values of the defoliation and refoliation haze-adjusted ratio subtraction images used
for mask calibration.
POLYGON 1
Ratio Subtraction
Pixel

1
2
3
4
5
6
7
8
9
10
11

Average Value
POLYGON 2
Ratio Subtraction
Pixel

1
2
3
4
5
6
7
8
9
10
11

Average Value
POLYGON 3
Ratio Subtraction
Pixel



1
2
3
4
5
6
7
8
9

6/116/19
2.0557
1.7458
1.0168
2.1941
4.1476
5.3635
5.0326
3.5679
2.4299
3.4589
3.2294
3.1129

6/196/28
0.9464
0.785
0.7895
-0.6322
0.7073
-0.0305
-0.1743
-0.2385
1.327
0.5243
0.0531
0.3688

6/287/6
-0.1609
-0.1604
-0.1364
0.4626
-0.6812
-0.7497
0.0388
-0.543
-1.4115
-2.308
-2.1876
-0.7125

7/67/21
-0.1704
-0.2752
-0.2961
-0.0624
0.2733
0.0981
-0.3999
-0.3181
1.194
1.5447
1.5124
0.2819

6/116/28
3.0021
2.5308
1.8063
1.5619
4.8549
5.333
4.8583
3.3294
3.7569
3.9832
3.2825
3.4818

6/287/21
-0.3313
-0.4356
-0.4325
0.4002
-0.4079
-0.6516
-0.3611
-0.8611
-0.2175
-0.7633
-0.6752
-0.4306

6/116/19
1.7049
2.1701
2.6891
3.0939
2.2976
2.4515
3.0266
3.3704
2.8981
2.8568
3.9907
2.7772

6/196/28
0.2789
0.0818
0.7357
0.2836
-0.1876
0.4611
0.628
0.0092
0.4753
0.6391
0.7294
0.3759

6/287/6
0.5418
0.7454
-1.4755
-0.1665
0.5328
0.6936
-0.4049
-0.4285
0.0893
0.0651
0.0343
0.0206

7/67/21
-0.0367
-0.3358
-0.0797
-0.6025
-0.6358
-0.1445
-0.0478
-0.3668
-0.4966
-0.0656
-0.0047
-0.256

6/116/28
1.9838
2.2519
3.4248
3.3775
2.11
2.9126
3.6546
3.3796
3.3734
3.4959
4.7201
3.1531

6/287/21
0.5051
0.4096
-1.5552
-0.769
-0.103
0.5491
-0.4527
-0.7953
-0.4073
-0.0005
0.0296
-0.2354

6/116/19
3.4373
2.9392
2.9392
3.639
3.0167
3.0355
3.2255
3.2479
3.1501

6/196/28
0.654
1.3113
1.274
0.8472
1.3878
1.1669
0.8985
1.3011
1.2823

6/287/6
0.1483
-1.3899
-0.7951
-0.4502
-1.8577
-1.3883
-0.2635
-1.7476
-2.097

7/67/21
-0.3167
-0.0111
-0.3275
-0.0324
-0.0503
-0.0483
-0.2734
0.0472
0.0616

6/116/28
4.0913
4.2505
4.2132
4.4862
4.4045
4.2024
4.124
4.549
4.4324

6/287/21
-0.1684
-1.401
-1.1226
-0.4826
-1.908
-1.4366
-0.5369
-1.7004
-2.0354



10
11
12
13
14
15
16
Average Value
POLYGON 4
Ratio Subtraction
Pixel

1
2
3
4
5
6
7
8
9
10

Average Value
POLYGON 5
Ratio Subtraction
Pixel

Average Value



1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22

2.8409
2.8208
2.8485
3.3322
3.0035
3.1119
2.5303
3.0699

1.137
0.7202
1.3974
1.0181
0.7077
0.7078
0.8343
1.0404

-0.7971 -0.1355
-0.1703 -0.1399
-1.0005 -0.1261
-0.6791 -0.3051
-0.182 -0.1523
0.3198
-0.219
0.057
-0.1251
-0.7683 -0.1346

3.9779
3.541
4.2459
4.3503
3.7112
3.8197
3.3646
4.1103

-0.9326
-0.3102
-1.1266
-0.9842
-0.3343
0.1008
-0.0681
-0.9029

6/116/19
2.8
2.5598
2.4383
2.8022
3.6727
3.3696
4.1931
3.3011
2.8073
3.3398
3.1284

6/196/28
2.7251
1.5578
1.6148
2.3527
1.5234
1.0021
1.8259
1.4181
1.7491
1.7251
1.7494

6/287/67/6
7/21
-1.5041 -0.0471
1.0986 -1.0797
0.0021 -0.5148
-0.9451 -0.5132
0.1446 -0.8367
1.062
-1.0456
-1.5926 -0.3696
-0.0395 -0.6433
0.2928 -0.5498
0.0794 -0.6889
-0.1402 -0.6289

6/116/28
5.5251
4.1176
4.0531
5.1549
5.1961
4.3717
6.019
4.7192
4.5564
5.0649
4.8778

6/287/21
-1.5512
0.0189
-0.5127
-1.4583
-0.6921
0.0164
-1.9622
-0.6828
-0.257
-0.6095
-0.7691

6/116/19
1.2216
0.8395
3.1063
1.3383
2.1065
3.2717
1.9185
2.405
1.9834
2.8092
3.9608
3.9171
1.6115
1.9757
2.7835
2.7785
2.3683
0.0088
2.4147
2.7347
0.8767
1.5555
2.1812

6/196/28
1.1899
2.222
2.1933
0.8798
1.8117
2.4542
2.9618
1.4442
1.2544
1.7001
2.5749
2.3787
2.0217
0.8002
1.6613
2.0596
2.3352
2.1008
2.1077
2.6184
2.0375
0.4872
1.877

6/287/67/6
7/21
1.3246 -0.2033
1.0289 -1.0184
0.1556 -1.4029
1.0281 -0.3139
0.7978 -0.7877
-0.37
-1.3002
-0.7356 -1.4389
0.2669 -0.8386
1.4262 -0.4773
0.419
-1.0151
0.6496 -1.1511
-1.0702 -0.8933
-0.7355 -0.9091
-0.1405 -0.8118
2.4101 -0.5785
0.3996 -1.2712
-0.6072 -1.3464
-0.7352 -0.4688
1.0135 -0.9445
-0.5604 -1.0211
-0.4686 -0.7439
0.2044
-0.443
0.2591 -0.8809

6/116/28
2.4115
3.0615
5.2996
2.2181
3.9182
5.7259
4.8803
3.8492
3.2378
4.5093
6.5357
6.2958
3.6332
2.7759
4.4448
4.8381
4.7035
2.1096
4.5224
5.3531
2.9142
2.0427
4.0582

6/287/21
1.1213
0.0105
-1.2473
0.7142
0.0101
-1.6702
-2.1745
-0.5717
0.9489
-0.5961
-0.5015
-1.9635
-1.6446
-0.9523
1.8316
-0.8716
-1.9536
-1.204
0.069
-1.5815
-1.2125
-0.2386
-0.6217



OVERALL RESULTS
Average Value

2.8539

1.0823 -0.2682 -0.3237

3.9362

-0.592

APPENDIX B
Pixel values of the defoliation vector magnitude, refoliation vector magnitude, and angle
between defoliation and refoliation vectors images used for mask calibration.
POLYGON 1
Value
Pixel

1
2
3
4
5
6

Defoliation Vector
Magnitude
1.3336
1.6646
2.6126
1.2994
2.9815
1.2874

Refoliation Vector
Magnitude
0.2612
0.2830
0.6176
0.7225
0.7051
1.5457

Angle Between
Vectors
2.2249
2.4108
2.0315
1.2752
2.1773
1.1634

1
2
3
4

Defoliation Vector
Magnitude
2.1938
1.9860
2.7905
2.0964

Refoliation Vector
Magnitude
2.0975
2.7212
2.6791
2.8079

Angle Between
Vectors
2.2068
2.2024
2.3060
2.0238

1
2
3
4
5
6

Defoliation Vector
Magnitude
2.6229
2.9517
2.3855
2.5237
1.5512
1.6088

Refoliation Vector
Magnitude
1.0072
1.2690
1.1879
1.3903
1.2354
1.1368

Angle Between
Vectors
2.0393
1.1102
2.4934
2.0453
2.8042
1.9706

1
2
3

Defoliation Vector
Magnitude
3.0491
2.7333
2.9816

Refoliation Vector
Magnitude
1.8903
0.8263
1.2663

Angle Between
Vectors
0.9171
1.8310
1.2765

1
2
3
4
5

Defoliation Vector
Magnitude
2.3600
2.7968
3.0196
2.2370
2.9071

Refoliation Vector
Magnitude
2.5948
3.8122
1.6913
2.7210
1.4769

Angle Between
Vectors
2.3012
1.9604
2.4494
2.4004
2.2869

1
2

Defoliation Vector
Magnitude
2.7525
2.2640

Refoliation Vector
Magnitude
1.8635
0.5699

Angle Between
Vectors
1.5413
2.9232

POLYGON 2
Value
Pixel

POLYGON 3
Value
Pixel

POLYGON 4
Value
Pixel

POLYGON 5
Value
Pixel

POLYGON 6
Value
Pixel





3
4
5
6
OVERALL RESULTS
Range



2.1754
2.4761
2.5631
2.5292

1.2647
0.8852
0.9357
1.7508

2.3004
2.3336
2.2424
2.3153

Defoliation Vector
Magnitude
1.2874 - 3.0491

Refoliation Vector
Magnitude
0.2612 – 3.8122

Angle Between
Vectors
0.9171 - 2.9232
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